Abstract AIB1 (amplified in breast cancer 1), also called SRC-3 and NCoA-3, is a member of the p160 nuclear receptor co-activator family and is considered an important oncogene in breast cancer. Increased AIB1 levels in human breast cancer have been correlated with poor clinical prognosis. Overexpression of AIB1 in conjunction with members of the epidermal growth factor receptor (EGF/ HER) tyrosine kinase family, such as HER2, is associated with resistance to tamoxifen therapy and decreased disease-free survival. A number of functional studies in cell culture and in rodents indicate that AIB1 has a pleiotropic role in breast cancer. Initially AIB1 was shown to have a role in the estrogen-dependent proliferation of breast epithelial cells. However, AIB1 also affects the growth of hormone-independent breast cancer and AIB1 levels are limiting for IGF-1-, EGF-and heregulin-stimulated biological responses in breast cancer cells and consequently the PI3 K/Akt/mTOR and other EGFR/HER2 signaling pathways are controlled by changes in AIB1 protein levels. The cellular levels and activity of AIB1 are in turn regulated at the levels of transcription, mRNA stability, posttranslational modification, and by a complex control of protein half life. In particular, AIB1 activity as well as its half-life is modulated through a number of post-translational modifications including serine, threonine and tyrosine phosphorylation via kinases that are components of multiple signal transduction pathways. This review summarizes the possible mechanisms of how dysregulation of AIB1 at multiple levels can lead to the initiation and progression of breast cancer as well as its role as a predictor of response to breast cancer therapy, and as a possible therapeutic target.
Introduction
Since the discovery in 1997 that the AIB1 gene is often amplified in breast cancer, there has been extensive research on the role of AIB1 in breast cancer [1] . AIB1, a member of the nuclear coactivator (NCoA-3) and p160 steroid receptor co-activator (SRC) family, which includes SRC-1 [2] and TIF-2 [3] , was discovered independently by several groups, and given various names; AIB1 (amplified in breast cancer 1) [1] , SRC-3 (steroid receptor co-activator-3) [4] , ACTR (activator of thyroid hormone and retinoid receptor) [5] , RAC-3 (receptor associated co-activator-3) [6] , and TRAM-1 (thyroid hormone receptor activating molecule) [7] . The mouse homologue of AIB1 is p/CIP (p/300/CBP interacting protein) [8] . The function of AIB1 as a transcriptional coactivator has been reviewed previously [9] and only a brief overview of this function is presented here. AIB1 is a transcriptional co-activator that promotes the transcriptional activity of multiple nuclear receptors such as the estrogen receptor [1, 4, 5] and a number of other transcription factors, including E2F-1, AP-1, NFjB, and STAT6 [10] [11] [12] [13] . Three domains common to all SRC family members are involved in protein-protein interactions; an amino-terminal basic helixloop-helix (bHLH)/Per/Arnt/Sim (PAS) domain, an internal nuclear receptor interaction domain (RID), and a carboxylterminal CREB-binding protein (CBP)/p300 interaction domain (CID; Fig. 1 ). In addition, there is a stretch of [26] [27] [28] [29] [30] glutamine repeats that juxtaposes the CBP binding domain ( Fig. 1 ) which may play a role in AIB1 function in breast cancer (see next section). After AIB1 interacts with ligandbound nuclear receptors, via its RID, it recruits other transcriptional cofactors and the basal transcriptional machinery. Full AIB1 co-activator function also requires the recruitment of the histone acetyltransferases CBP/p300 and p/CAF [5] . Acetylation of histones by these acetyltransferases modifies chromatin structure, facilitates access of transcription factors to gene promoters and leads to enhanced gene expression [14] . AIB1 can also help transcription factors interact with other transcriptional cofactors, a role that is regulated by enzyme-dependent methylation and phosphorylation (Fig. 2) . In addition to its roles in promoting transcription, AIB1 can function as a transcriptional repressor of inflammatory cytokine-encoding mRNAs [15] .
Evidence linking AIB1 overexpression to breast cancer risk and prognosis
Amplification of the AIB1 mRNA and protein has been shown in 2-10% of breast cancer samples [1, [16] [17] [18] [19] and our reanalysis of Oncomine 3.6 microarray data (www.oncomine.org) from human breast cancer clinical samples from Ginestier et al. [20] shows that abnormally high AIB1 mRNA levels are associated with 20q13 amplification (Fig. 3) . However, increased amounts of AIB1 mRNA have been found in 31-64% of human breast tumors [1, 21, 22] indicating that AIB1 transcript levels can be increased in breast tumors by mechanisms other than amplification of the gene. Although some studies have shown that AIB1 amplification is not associated with worse disease outcome, other studies indicate that high levels of AIB1 correlate with shorter disease-free interval [23, 24] and that AIB1 levels are higher in invasive higher grade tumors [25] . To further investigate the prognostic significance of AIB1 mRNA levels in breast cancer, we analyzed AIB1 mRNA levels using a tissue microarray, provided by CBCTR of the National Cancer Institute/NIH, that we have utilized previously for other analyzes [26] (Fig. 4a) , and found that high levels of AIB1 mRNA measured by in situ hybridization (ISH) are predictive of worse outcome (Fig. 4a) . In addition, we analyzed microarray data from human breast cancer samples from several studies (Fig. 5) . Re-analysis of data from Richardson et al., [27] shows that AIB1 mRNA levels are significantly higher in human breast carcinomas than in normal breast tissue (Fig. 5a ) and data from Farmer et al. [28] shows that AIB1 mRNA levels are higher in luminal and apocrine-type breast cancer than in basal-type breast cancer (Fig. 5b) . Analysis of data from Ivshina et al. [29] shows that AIB1 mRNA level expression Fig. 1 Structural and functional domains of AIB1. Basic-helix-loophelix (bHLH)/per-arnt-sim (PAS), receptor interaction domain (RID), CBP/p300 interaction domain (CID), histone acetyltranferase domain (HAT). A region containing multiple glutamine (CAG) repeats is indicated Fig. 2 Model showing a transcriptional complex of AIB1 and its methylation by the CARM1 methyltransferase and phosphorylation by multiple kinases. CARM1, coactivator-associated arginine methyltransferase 1; RNA Pol II, RNA polymerase II; CBP/p300, CREB binding-protein/E1A binding-protein p300; NR, nuclear receptor; P, phosphorylation; Ac, acetylation; M, methylation [20] and analyzed by Oncomine 3.6 at www.oncomine.org). The median, lower and upper quartile (box) and extremes (whiskers) are shown is higher in lymph node positive and high grade breast cancer (Fig. 5c, d ) and analysis of a study by van de Vijver et al. [30] also reveals an association between high AIB1 mRNA levels and breast cancer recurrence (Fig. 5e) . Overall, the preponderance of the published data and this analysis supports an association of high levels of AIB1 mRNA with the development of breast cancer.
High nuclear levels of AIB1 protein have been reported in 10-16% of breast cancer patients [31] . Interestingly, cytosolic staining with AIB1 was also reported in these studies although it is not known how the relative cytoplasmic to nuclear ratio of AIB1 expression relates to disease outcome and therapeutic response. Irrespective of subcellular location of AIB1 protein, the results of some studies indicate that AIB1 mRNA levels may not always predict AIB1 protein levels. For example, List et al. [22] , using imunohistochemistry (IHC), found smaller differences in nuclear AIB1 staining, between breast cancer samples and normal tissue samples, than expected on the basis of prior studies on AIB1 mRNA levels. The difference in the relative levels of AIB1 mRNA and protein in tumors could be either due to the threshold sensitivity of detection of mRNA (PCR based methods) versus protein detection by IHC or due to the complex control of AIB1 [27] ). b AIB1 mRNA expression is significantly lower in basal type human breast carcinoma as compared with luminal and apocrine type breast carcinoma (from Farmer et al. [28] ). c AIB1 mRNA expression is significantly higher in lymph node positive and d high grade human breast carcinoma as compared with normal breast tissue (from Ivshina et al. [29] ). e AIB1 mRNA expression is significantly higher in early recurrence breast cancers (5 years; from van de Vijver et al. [30] [26] . We observed that high AIB1 nuclear protein and high AIB1 mRNA levels were well correlated and predicted reduced survival rates (Fig. 4 a, b) . The AIB1 gene harbors a number of polymorphisms and some of these have been associated with reduced breast cancer risk [32] . In addition there is a polyglutamine stretch in the C-terminus of AIB1 that has variable length between 26 and 30 amino acids (Fig. 1) . However, various reports show conflicting data as to the association of the repeat length with breast cancer risk. Specifically, studies have asked whether AIB1 polyglutamine length is associated with the mutation status of the tumor suppressor proteins BRCA1 and BRCA2, proteins that have roles in multiple cellular functions including cell cycle progression, DNA repair, and transcriptional regulation (reviewed in [33] ). Some reports have shown that AIB1 poly-glutamine length correlates with an increased breast cancer risk in women with BRCA1 mutations [34, 35] , whereas other studies did not find an increased risk for breast cancer in women with either BRCA1 or BRCA2 mutations [36, 37] . Polymorphisms in the CAG repeat region of AIB1 have also been associated with a more aggressive phenotype in ovarian cancer [38] .
Evidence linking AIB1 to estrogen and progesterone effects in breast cancer
The estrogen receptor-a (ERa) and progesterone receptor (PR) status of breast cancer is an important consideration for breast cancer therapy and prognosis [39] and AIB1 is a co-activator of ERa and PR activity [40] . However, collectively, the clinical data suggest that increased AIB1 protein levels do not correlate with ERa or PR positivity [24] . One study showed that AIB1 gene amplification in breast tumor samples correlated with increased expression of both ER and PR [41] . In another study, AIB1 mRNA overexpression in breast tumor samples was associated with loss of both ER and PR expression [21] . Our oncomine 3.6 re-analysis of data from Sotiriou et al. [42] reveals that ER-a negative breast cancer is associated with higher AIB1 mRNA levels than ERa positive breast cancer (Fig. 6 ). The discrepancy between these reports may be due to the differences in the role and regulation of AIB1 and the hormone receptors at different stages of breast disease. Clinical data notwithstanding, initial functional studies, that reported an association between breast cancer and elevated AIB1 mRNA/protein levels, also demonstrated that AIB1 mediates the effects of estrogen on ERa dependent gene expression [1, 22] , thus suggesting a mechanism for how AIB1 influences the growth of hormone-dependent breast cancers. As predicted from this mechanistic model, depletion of AIB1 protein levels in ERa-positive MCF-7 human breast cancer cells results in decreased estrogen-stimulated proliferation and survival in culture [10, 43] and a decreased growth of MCF-7 xenografts in mice [43] .
Role of AIB1 in anti-estrogen therapy resistance AIB1 appears to play a major role in breast cancer resistance to anti-estrogen therapy. Since the 1970s, tamoxifen has been the standard endocrine therapy for women with ER positive breast cancer. Tamoxifen is a non-steroidal estrogen receptor antagonist that competes with estrogen for binding to ERa, resulting in the inhibition of ERamediated transcription and estrogen-dependent cell growth [44] . Two types of resistance to tamoxifen have been recognized, intrinsic and acquired. Intrinsic resistance is associated with those 50% of ERa-positive breast cancer patients that do not respond to tamoxifen therapy [45] . In acquired resistance, patients treated with tamoxifen for long periods of time often acquire resistance to therapy. Both types of resistances have been associated with the hormone-independent activation of ERa through cross-talk with growth factor signaling pathways [46] . Convincing clinical studies have shown that high levels of HER family member proteins have been associated with relapse after tamoxifen therapy in breast cancer patients that have high AIB1 protein expression [47] [48] [49] .
While simple overexpression of AIB1 alone can increase the agonist properties of tamoxifen in breast cancer cell lines [50] , the transition from hormone-dependent to hormone-independent cancer, resulting from hormone-independent ERa activation, may also be explained by increased growth factor-induced signaling through receptor tyrosine kinases such as the human epidermal growth factor receptor (HER) family members, which include HER1 (EGFR), HER2 (erbB2), and HER3 (erbB3; reviewed in [51] ). Fleming et al. [52] observed that high protein expression of both HER2 and SRC-1, a p160 co-activator closely related to AIB1, is associated with resistance to tamoxifen therapy in breast cancer. Multiple studies have sought to identify the molecular mechanism causing this hormone-independent ERa activation, where tamoxifen becomes an ERa agonist in breast cancer cells with high protein levels of both AIB1 and HER2. However, an additional hypothesis linking growth factor signaling and AIB1 is that growth factorstimulated receptor tyrosine kinase signaling may result in resistance to tamoxifen due to the enhancement of the agonist properties of tamoxifen in breast cancer cells [53] . This proposed mechanism has been corroborated by an in vitro study using ERa-positive MCF-7 breast cancer cells engineered to overexpress HER2. This study demonstrated that tamoxifen stimulates proliferation and induces ERadependent gene expression. Both of these effects result from the HER2-driven phosphorylation of AIB1 (via extracellular signal-regulated kinase (ERK) -1/2), which enhances AIB1 co-activator function [54] . More recently it has been shown that a balance between AIB1 and the transcriptional repressor PAX2 controls the estrogen induced expression of HER2 in breast cancer cells [55] . Tamoxifen resistance develops when AIB1 is high and PAX2 low thus inducing high HER2 expression [55] .
Other endocrine therapies approved by the FDA exist for the treatment of ERa-positive breast cancer, including fulvestrant (Faslodex), a complete ERa antagonist that binds to ERa causing its subsequent degradation (reviewed in [56] ). It was approved in 2004 for the treatment of postmenopausal women with metastatic breast cancer who had received prior anti-estrogen therapy. It has not yet been determined whether protein levels of AIB1 and HER2 affect the clinical outcome of breast cancer patients on fulvestrant. Aromatase inhibitors including letrozole, anastrozole, and exemestane, which block the conversion of the adrenal steroids testosterone and androstenedione into estrogen, are another FDA-approved therapeutic option for postmenopausal women with ERa-positive breast cancer (reviewed in [57] ). However, breast tumors that have high protein expression of HER2 and AIB1 may also become resistant to aromatase inhibitors [58, 59] .
The molecular mechanism for aromatase resistance appears to have at least some elements in common with tamoxifen resistance in that AIB1 is recruited to estrogendependent promoters in a hormone-independent manner in both types of drug resistance. One study showed that treatment of aromatase-expressing MCF-7 cells with androstenedione results in increased recruitement of AIB1 to the pS2 estrogen-responsive promoter, which is inhibited by the aromatase inhibitor letrozole [59] . However, when HER2 is overexpressed in these cells, AIB1 is recruited, along with ERa, to the pS2 promoter even in the presence of letrozole. It should also be noted that AIB1 mRNA levels are increased in MCF-7 breast cancer cells with antiestrogens (ICI 182,780 and tamoxifen), whereas AIB1 mRNA levels are decreased by estrogen [60] . This data might suggest that during anti-estrogen therapy, AIB1 levels are increased and can contribute to resistance by enhancing hormone independent proliferative pathways. In summary, these data suggest a major role for AIB1 in antiestrogen resistance and that it may be useful to assess the expression of HER2 and AIB1 when deciding upon the proper clinical regimen.
AIB1 in hormone -independent breast cancer
Even though AIB1 levels have been shown to be limiting for ERa-positive breast cancer growth (See ''Evidence linking AIB1 overexpression to breast cancer risk and prognosis''), substantial evidence indicates that AIB1 has roles in tumorigenesis other than as a co-activator for ERadependent transcription. These other studies provide convincing evidence that AIB1 can stimulate the growth of breast cancer cell lines through estrogen-independent mechanisms. Overexpression of AIB1 in ERa-positive breast cancer cell lines has been shown to increase proliferation even in the presence of the ER antagonist ICI 182,780 [10] . More convincingly, overexpression of AIB1 promotes the growth of ERa-negative breast cancer cells by increasing the expression of E2F1-induced gene products such as E2F1, cyclin E, and cyclin-dependent kinase 2, all of which promote cell proliferation [10] . In one study, growth factor stimulation resulted in the release of E2F1 from retinoblastoma protein (Rb), allowing E2F1 to bind DNA and activate transcription of its target genes. AIB1 was recruited to E2F binding sites on DNA via its interaction with E2F1 and co-activated E2F-dependent transcription [10] . Thus, the ability of AIB1 to co-activate E2F-dependent gene expression was hypothesized to be a hormone-independent mechanism by which AIB1 could promote breast tumor growth. Consistent with this hypothesis, it was subsequently shown that anchorageindependent growth of MCF10A human mammary epithelial cells, achieved by AIB1 overexpression, required AIB1 to interact with E2F1 [61] .
AIB1 has also been shown to promote the growth and survival of breast cancer cells by acting as a co-activator of growth factor-stimulated activating protein 1 (AP-1), the transcription factor complex that contains Jun and Fos family members [11] , and of NFjB-dependent transcription [12] , which increases the expression of cell cycle and anti-apoptotic genes [62] . Inhibition of AP-1-dependent transcription in MCF-7 breast cancer cells was shown to result in inhibition of cell proliferation [63] . In breast cancer cells, NFjB has been shown to promote cell proliferation and survival [64] [65] [66] . Thus, the increased AIB1 protein levels in many human breast tumor cells can have multiple roles in tumor progression that are either dependent on, or independent of its original association with ERa-positive breast cancer. These transcriptional interactions ultimately lead to AIB1 rate limiting effects in several growth factor signaling pathways, which are discussed in the next section, that are critical to the initiation and progression of human breast cancer.
AIB1 controls different growth factor activated signaling pathways
Tumor cells depend on a diverse set of signaling pathways for growth and survival. The importance of AIB1 in the regulation of multiple growth factor activated pathways has been shown by a number of studies. The signaling response induced by insulin-like growth factor (IGF)-1, results in tyrosine phosphorylation of the IGF-1 receptor, recruitment of insulin receptor substrate (IRS) proteins, and activation of the phosphatidylinositol 3-kinase (PI3 K)/Akt/mammalian target of rapamycin (mTOR) pathway (reviewed in [67] ). AIB1 was initially shown to be a factor involved in IGF-1 signaling from two independent studies involving mice with a gene deletion of AIB1 (p/CIP), both of which found reduced serum IGF-1 levels [68, 69] . On the other hand, IGF-1 serum levels were increased in transgenic mice that overexpressed AIB1 [70] . However, these effects on IGF-1 serum levels do not fully account for the regulation of the IGF-1 signaling pathway by AIB1. For example, IGF-1 receptor protein expression is increased in the mammary glands of AIB1-D3 (an alternatively-spliced isoform of AIB1 that lacks the N-terminal bHLH and PAS-A domains transgenic mice), but there is no change in serum IGF-1 levels [71] . In addition, cells derived from AIB1 knockout mice have an inherent deficiency in their biological response to IGF-1 stimulation; cultured hepatocytes and embryonic fibroblasts from AIB1 knockout mice are unresponsive to IGF-1-stimulated DNA synthesis [68] . Similarly, small-interfering RNA (siRNA)-mediated AIB1 knockdown resulted in decreased IGF-1-stimulated anchorage-independent proliferation of MCF-7 human breast cancer cells and IGF-I-dependent anti-anoikis [72] .
In addition to regulating IGF-1 levels, AIB1 regulates the expression of other proteins involved in the IGF-1 signaling pathway. Torres-Arzayus et al. [73] have shown that inhibition of mTOR with the rapamycin analog RAD001 (Novartis) prevented mammary hyperplasia and hypertrophy originally induced by the overexpression of the AIB1 transgene in the mouse mammary gland. In addition, RAD001 treatment inhibited the growth of tumor xenografts in mice from epithelial cells derived from AIB1-induced mammary tumors [73] . Therefore, the PI3 K/Akt/ mTOR pathway has a role in AIB1-mediated tumorigenesis, but it is unclear whether this is solely due to increased IGF-1 levels or if other mechanisms are involved.
AIB1 was also identified as being involved in v-Ha-Rasmediated tumorigenesis and transformation. AIB1 knockout mice harboring the v-Ha-Ras transgene, driven by the mouse mammary tumor virus (MMTV) promoter, were utilized to study the role of AIB1 in Ras-mediated mammary tumorigenesis [74] . The tumor latency in v-HA-Ras transgenic mice crossed with AIB1
-/-mice increased as compared with AIB1
?/? -ras mice in both virgin and multiparous animals, and tumor development was completely abolished in ovariectomized animals [74] . Therefore, an involvement of AIB1 in Ras-dependent tumorigenesis in mammary epithelial cells was partially hormone-dependent. Loss of AIB1 decreased the incidence, growth, and metastasis of v-HA-Ras-induced mammary tumors. Interestingly, AIB1 was also shown to enhance v-Ha-Rasinduced transformation of mouse embryonic fibroblasts [75] . These studies suggest that AIB1 modulates the IGF-1 signaling pathway by regulating the expression of multiple genes encoding proteins that participate in this pathway.
There is emerging evidence that AIB1 could also be functionally involved in regulating the activity of the HER/ erbB family of transmembrane receptor tyrosine kinases. This family of receptors includes EGFR/HER1/erbB1, HER2/erbB2/neu, HER3/erbB3, and HER4/erbB4, which can form either homodimers or heterodimers with each other (reviewed in [76] ). A functional relationship between AIB1 and the HER/erbB family members has been shown to be clinically relevant being that HER/erbB family members are frequently activated in human breast cancers and are the target of drugs that have been successfully used for cancer therapy (reviewed in [77] ). Multiple studies have demonstrated that AIB1 mRNA and protein expression in breast cancer is associated with an increase in the protein expression of HER2 [21, 47, 48] . We have also found this association in our analysis of a tissue microarray, provided by CBCTR of the National Cancer Institute/NIH, that we have utilized previously for other IHC analyzes [26] (Fig. 7) . In addition, our analysis of data from four studies [27, [78] [79] [80] shows that high AIB1 mRNA expression in breast cancer clinical samples correlates with high HER2 expression (Fig. 8) . A role for AIB1 in the regulation of the HER2 pathway was recently elucidated, where AIB1 was shown to be required for HER2-mediated mammary tumorigenesis in a mouse model for breast cancer through regulation of HER2 phosphorylation and signaling [81] . Generation of neu/ HER2 transgenic mice with either loss of one or both copies of the AIB1 gene resulted in reduced or complete abolition of mammary tumor development, respectively. The importance of AIB1 in HER2-mediated mammary tumorigenesis may be comparable with its importance in the v-Ha-Ras transgenic mouse model where it was shown that with loss of both copies of the AIB1 gene, mammary tumors still developed albeit at a reduced rate [74] .
EGFR is another family member of HER2 that has been shown to be affected by the level of AIB1 expression. This was observed in MDA-MB-231 breast cancer cells where a reduction of AIB1 levels by siRNA-mediated knockdown resulted in decreased EGF-stimulated EGFR tyrosine phosphorylation, signaling, and biological responses [82] . Our laboratory has also observed that EGF-stimulated EGFR phosphorylation was decreased in mammary epithelial cells from AIB1 knockout mice (unpublished data). These data suggest that increased AIB1 expression in breast cancer cells could enhance EGFR signaling as a result of HER2 overexpression and enable cells to be more resistant to drugs that target HER2 activity. Thus, our finding that AIB1 affects the signaling capacity of EGFR in cancer cells suggests that AIB1 may play an important role in EGFR-mediated oncogenic processes, which may have potential therapeutic applications for current therapies that are used for treating HER2-overexpressing breast cancer.
HER2 is overexpressed in 20-30% of breast cancer patients and is correlated with reduced disease-free and overall survival [83, 84] . Trastuzumab (Herceptin), a humanized monoclonal antibody directed against an extracellular region of the HER2 protein, was the first HER2-targeted therapy approved by the FDA for the treatment of HER2-overexpressing metastatic breast cancer (reviewed in [85] ). Additionally, trastuzumab therapy improves disease-free and overall survival of patients with early-stage HER2-positive breast cancer in combination with chemotherapy [86] [87] [88] . Not all HER2-overexpressing breast cancers, however, respond to trastuzumab therapy or may acquire resistance during treatment [89] , and breast cancers with normal HER2 levels also respond at the same Fig. 7 High expression of AIB1 protein is associated with high HER2? staining in a significant portion of breast cancer samples. For this study we analyzed a tissue micoarray of breast cancer samples provided by CBCTR of the National Cancer Institute [26] . HER2 status was provided by the NCI Fig. 8 AIB1 mRNA expression is significantly higher in human breast carcinoma with high HER2 expression as compared with normal breast tissue (from a Richardson et al. [27] , b Hess et al. [78] , c Perou et al. [79] , and d Bittner et al. [80] and analyzed by Oncomine 3.6) rate [90] . Resistance to trastuzumab treatment has been attributed to the activation of IGF-IR signaling [91, 92] , decreased p27 kip1 expression [93] [94] [95] , and the presence of truncated forms of circulating HER2 [96] . The studies reviewed here suggest that measurements of AIB1 protein levels in breast tumors may be a useful diagnostic tool for predicting treatment outcome. Since AIB1 enhances IGF-1 signaling, overexpression of AIB1 in HER2-overexpressing breast cancer cells may contribute to trastuzumab resistance through activation of IGF-IR. It will be important to determine the correlation of high AIB1 and HER2 protein expression with the clinical response to trastuzumab therapy. The ability of AIB1 to enhance the activity of multiple signal transduction pathways involved in cancer, including HER/erbB and IGF-IR, supports the possibility that AIB1 could be a target, or predictive marker for cancer therapy. There are many potential ways to target AIB1 in cancer cells, including a reduction in AIB1 expression through RNA interference-mediated knockdown of AIB1 protein levels or through inhibition of AIB1's co-activator function by disrupting its interaction with CBP/p300.
Functional studies in mice linking AIB1 to breast cancer
Mouse model studies have increased our understanding of AIB1's roles in mammary tumorigenesis. Transgenic mice expressing high levels of the human AIB1 transgene, under the transcriptional control of the MMTV LTR, developed mammary hyperplasia and tumors of the mammary gland [70] . Interestingly, the AIB1 transgene encoded protein was detected in other mouse tissues such as lung, pituitary, and uterus, where tumors also developed. The conclusion drawn form this study, that AIB1 protein levels may be a factor in mammary tumorigenesis, was reinforced by a study showing that mice mammary glands over-expressing AIB1, but to a lesser extent (2.5-fold vs. 7.6-fold, at the mRNA level), do not develop tumors but do develop mammary hyperplasia [97] . Another mouse model study that gave similar results, i.e. only a partial progression to mammary tumors, used a human AIB1 isoform AIB1-D3, and a different promoter, from cytomegalovirus (CMV) [71] . This AIB1-D3 isoform is a more potent transcriptional co-activator than full-length AIB1 [71] . These transgenic mice developed ductal hypertrophy of the mammary gland, along with increased proliferation of mammary epithelial cells, but did not develop mammary tumors [71] . The lack of tumor formation in the AIB1-D3 transgenic mice was explained by lower AIB1 protein levels than in the transgenic mice containing the entire human AIB1 protein [70] . Kuang et al. [74] showed that v-Ha-ras mammary gland tumor incidence was dramatically reduced in AIB1 -/-mice as compared with wild-type AIB ?/? and heterozygous AIB1 ?/-mice. Taken together, these human and animal studies provide overwhelming evidence that AIB1 overexpression plays an important role in human breast cancer. In the next sections we will examine the signaling pathways that AIB1 influences in the breast cancer cells and the potential mechanisms of regulation of AIB1 in breast cancer.
Regulation of AIB1 mRNA and protein levels
Total AIB1 protein expression is regulated at the DNA (gene amplification and transcription), RNA (translation) and protein (stability) levels. Transcription of the AIB1 gene is controlled by regulatory sequences within the -250 to ?350 base pair region of its promoter (relative to the translation initiation site), a region which contains binding sites for two transcription factors, E2F1 and Sp1 [61, 98] . Since AIB1 is a transcriptional co-activator for E2F1-dependent gene transcription, the finding of an E2F1 binding site in the AIB1 promoter suggested that AIB1 can self-regulate [61, 98] . Interestingly, the evidence confirming this prediction of positive self-regulation, via AIB1 stimulation of E2F1-dependent transcription from the AIB1 promoter, showed that it did not require the E2F binding site, but rather the Sp1 binding site and the binding of Sp1 to this site [98] . Total AIB1 mRNA levels are also increased when MCF-7 breast cancer cells are treated with anti-estrogens (ICI 182,780 and tamoxifen), all-trans-retinoic acid or TGF-b and are decreased by estrogen treatments [60] . These effects are associated with increased or decreased transcription [60] . In addition, the translation of AIB1 mRNA can be regulated by endogenous microRNAs, which inhibit translation by binding to the 3 0 -untranslated regions of target mRNAs [99] . Specifically, the microRNA Mir-17-5p inhibits the translation of AIB1 mRNA, causing a decrease in AIB1 protein levels [100] . The level of this microRNA is low in breast cancer cell lines with high levels of AIB1 protein [100] .
AIB1 protein levels are also regulated by proteasomal degradation pathways (reviewed in [101] ). The particular pathway utilized may depend on the stimulus and/or specific post-translational modifications of AIB1. In the ubiquitinmediated proteosome degradation pathway, ubiquitin molecules are attached to proteins by E3 ligases, resulting in their degradation by the 26S proteosome, in an ATP-dependent process [102] . For example, the E3 ubiquitin ligase E6-associated protein (E6-AP) can interact with AIB1 in MCF-7 cells, suggesting that E6-AP may target AIB1 for proteosome-mediated degradation [103] . Another E3 ligase, SCF Fbw7a , has been shown to ubiquitinate lysine residues 723 and 786 in AIB1 following GSK3-mediated phosphorylation of two AIB1 serine residues (505 and 509), leading to increased AIB1 proteosomal degradation [104] . Additionally, methylation of AIB1 by the methyltransferase CARM1 results in increased AIB1 degradation [105] . However, it is not known if the CARM1-driven degradation of AIB1 is through ubiquitin-targeted proteosomal degradation. Increased AIB1 turn-over by the 20S proteosome regulator REGc in an ubiqutin-and ATP-independent manner occurs in MCF-7 cells [106] . REGc also interacts with AIB1 in MCF-7 cells and modulation of REGc levels affects AIB1 levels without affecting SRC-1 levels [106] . Additionally, atypical PKC was shown to phosphorylate AIB1 and to inhibit its proteosomal degradation, by inhibiting the association of AIB1 with the C8 subunit of the 20S core proteasome, in an estrogen-dependent manner [107] . Consistent with this, we found an association between AIB1 and the C8 subunit of the 20S core proteasome in our laboratory by using MS/MS analysis to identify proteins that co-immunoprecipitate with AIB1, from total cell lysates of MCF-7 cells (our unpublished results).
Regulation of AIB1 function/activity
The co-activator function of AIB1 is regulated by multiple cellular signaling pathways. This regulation is primarily via post-translational modifications of specific amino acids, which have distinct but often related effects; these modifications affect AIB1 co-activator function by affecting AIB1 protein-protein interactions, AIB1 sub-cellular localization, and AIB1 stability. AIB1 is modified by methylation [105, 108] , sumoylation [109] , and acetylation [5] , however, the most studied modification of AIB1 is phosphorylation. The first evidence linking AIB1 activation to its serine and threonine phosphorylation was found in extracts from MCF-7 breast cancer cells. The extracted AIB1 could also be used as an in vitro substrate for phosphorylation by extracellular signal-regulated kinase 2 (ERK2) [110] . Subsequently, AIB1 was shown to be phosphorylated by different kinases and on multiple serine and threonine sites [75, 110] . The identity of individual AIB1 phosphorylation sites was determined by analyzing recombinant AIB1 produced in sf9 insect cells [75] . The individual phosphorylation sites included multiple serine residues (S505, S543, S857, S860, and S867) and a single threonine residue (T24) [75] . Multiple kinases such as ERK, JNK, p38MAPK, GSK3, and PKA were also shown to phosphorylate AIB1 at these sites in vitro [75] . AIB1 was shown to be phosphorylated in response to estrogen in MCF-7 cells and in response to a TNF-a in HeLa cervical carcinoma cells [12, 75] . Subsequently, estrogen-induced AIB1 phosphorylation on serine 857 was shown to be dependent on IjB kinase (IKK)-a [111] . More recently we have demonstrated that AIB1 is phosphorylated at a C-terminal tyrosine residue (Y1357) and this phosphorylation can be induced by estrogen, EGF and IGF through Abl kinase [112] . Interestingly, high levels of Y-1357 phospho-AIB1 are found in HER2/Neu induced mammary tumors [112] and in human tumors (unpublished data) suggesting that Abl kinase activation of AIB1 may play a functional role in mammary tumorigenesis. This raises the possibility that Abl kinase inhibitors such as imatinib (Gleevec) may be useful in a defined therapeutic or preventive setting in breast cancer. The phosphorylation of AIB1 has multiple functional consequences. AIB1 phosphorylation is required for binding to other transcription cofactors such as CBP/p300 and for its ability to fully function as a transcriptional coactivator in the tumorigenic process [75, 110, 112] . AIB1 phosphorylation also regulates its proteosomal degradation. For example, glycogen synthase kinase-3 (GSK-3) was shown to phosphorylate AIB1 on serine 505 in MCF-7 cells, resulting in its proteosomal degradation [104] . GSK-3 is a serine/threonine kinase that acts downstream of Akt and is inhibited when phosphorylated by Akt [113] . Thus, AIB1 is phosphorylated on multiple serine residues and on at least one tyrosine residue by kinases that are activated by hormone, growth factor or cytokine signaling. Overall the published data suggest that AIB1's potential to participate in cross-talk between signaling pathways may be greater than that previously thought; instead of receiving cross-talk signals only from serine/threonine kinases, AIB1 might also participate in crosstalk between steroid receptors and tyrosine kinase receptors.
Conclusion
Multiple studies have demonstrated that AIB1 overexpression provides a growth advantage for breast cancer cells and promotes the development of mammary tumors in mice. AIB1 overexpression is associated with the progression of breast cancer and other epithelial cancers. Since high protein levels of AIB1 and HER2 predicts worse clinical outcome, and resistance to tamoxifen therapy, the level of expression of both of these proteins may provide an important prognostic indicator whether patients should be treated with tamoxifen or aromatase inhibitors.
